This paper uses a previously developed spreadsheet cost model which simulates public transport modes operated on a 12km route to analyse the total costs of different passenger demand levels. The previous cost model was a very powerful tool to estimate the social and operator costs for different public transport technologies. However, as the model is strategic, some basic assumptions were made which are relaxed in this paper. Firstly, the speed-flow equation in the original spreadsheet model assumes that speed decreases according to the ratio of the current frequency and the lane capacity which is based on the safety headway without taking into account passenger boardings. However, this may vary in different operating environments. Therefore, the speed-flow equation is improved by moving from a linear equation to a piecewise equation that considers the features of different operating environments. Secondly, the model assumes that supply is sufficient to meet demand. However, when the level of demand is high for the lower capacity public transport technologies, passengers may find the incoming vehicle full and therefore they have to wait more than one service interval. This paper applies queuing theory to investigate the probability of having to wait longer than the expected service headways which will affect the average passenger waiting time. The extra waiting time for each passenger is calculated and applied in the spreadsheet cost model. Thirdly, the original model assumed demand was externally fixed (exogenous). To evaluate the differences after applying these equations, endogenous demand rather than exogenous demand will be investigated by using the elasticities for passenger waiting time and journey time.
Introduction
Public transport is one of the most important means of daily travel for purposes such as commuting, shopping and education especially in large cities where the costs of travelling by private vehicles are high due to the lack of space. Passenger journeys on m inbound Guided Bus system in Leeds ensures punctuality and reliability and increases the attractiveness of bus services by providing a segregated busway, and this reduces journey time by 33% and increase patronage by 40% (Currie and Wallis, 2008) .
For higher levels of demand, the light rail system operating in Greater Manchester (Metrolink) provides more frequent services as well as cheaper fares than the previous heavy rail system, while maintaining competitiveness in terms of operating speed and punctuality, and because of these characteristics the Metrolink successfully achieved its ridership projections while most new urban rail systems failed to reach their initial targets (Knowles, 2007) . A cost-effective technology, Bus Rapid Transit (BRT), is operated in a wide number of countries. Buses run on a segregated busway with dedicated stops which results in a maximum running speed of up to 100kph and no congestions in peak hours. Demand has reached 15,000 per hour after only 5 years operation of the BRT system in Brisbane while the long term maximum peak hour demand was forecasted to be 10,000 per hour (Currie, 2006) . The Straddle Bus is a new invention launched at the 13th Beijing International High-tech Expo in 2010 which operates above the traffic with girder-like legs straddling the road and leaves room for general traffic with multiply car-unit similar to light rail transit. It is believed to be able to solve the traffic congestion in metropolises such as Beijing and London by having fewer interactions with other forms of transport, while carrying many more people than conventional buses with lower construction cost than new underground line or rapid transit lane (McDermon, 2010) .
These new public transport modes would have different feasibility at distinct demand levels, and the costs would also vary. Therefore, comparing their costs in the same situation is an essential issue. The cost of public transport technologies consists of not only of the costs faced by operators (which may be expected to be passed on to user in terms of fares) but also the costs borne by society in general (Jakob et al. 2006) which is the total social cost.
Previous studies have been carried out in the TEST (Tools for Evaluating
Strategically Integrated Public Transport) project by Brand and Preston (2001 , 2002a , 2002b , 2003a , 2003b , 2006 and Li and Preston (2014) . Based on the pioneering study of Meyer, Kain and Wohl (1965) on the operator costs for different transport modes (auto, bus and rail) in different population density areas, their work proposed a spreadsheet cost model in Microsoft Excel and an integrated simulation model by using transport analysis software VIPS (now part of the wider VISUM model) (for public transport) and CONTRAM (for private transport). The spreadsheet cost model compared up to 15 conventional, new intermediate and innovative forms of public transport on the basis of the average and marginal social costs (in pence per passenger kilometre) which include user costs and external costs rather than just the costs for the operator on a 12km single route corridor. The speed-flow equation used in the spreadsheet model is a linear equation rather than a power law or piecewise linear function (Small, 1992) . The waiting time for public transport passengers in the user cost section considers service frequency only. However, passengers may experience additional delay when they find the incoming vehicle is full at high levels of demand.
The demand level increments in the model are all externally fixed which means the results are all based on fixed demand predictions. In reality, passenger demand levels are endogenous, not exogenous, and are affected by the performance of the public transport services such as the service interval and journey time. The actual average costs could be substantially different from those assuming fixed demand because actual passenger demand will vary due to the quality of service.
Therefore, the objectives of this paper are:
(1) To improve the speed-flow equation of the spreadsheet cost model by using a piecewise function and adding the facility capacity factor for the advantages in different operating environments.
(2) To take the probability of passengers having to wait longer than service headways into account for the average passenger waiting time calculation.
(3) To evaluate the results of applying the revised speed-flow and waiting time functions by investigating the endogenous relationship between demand and supply and then comparing the average social costs of single-decker bus services in different operating environments.
The organisation of this paper is as follows. Section 2 demonstrates the application of the new speed-flow equation in the spreadsheet model by considering the impact of other vehicles in the traffic flow. Section 3 presents the equations for calculating the passenger waiting time with queuing theory. Section 4 gives the analysis of the impact of endogenous demand and section 5 draws some conclusions and outlines potential future work.
The Spreadsheet Model

Introduction of the Spreadsheet Model
This spreadsheet cost model developed in the TEST project by Brand and Preston (2006) was based on the study of social costs by Jansson (1984) who developed the concept of social costs as the sum of total producer costs and total user costs and the work on operator costs by Meyer, Kain and Wohl (1965) who developed equations for total operator and other non-structural costs of rail and bus transit.
The TEST project developed total social costs as the sum of total operator costs, total user costs and total external costs:
where TSC is the total social cost, TOC is the total operator cost, TUC is the total user cost and TEC is the total external cost.
The total operator cost covers all investment by operators of the public transport service which contains two sectors: capital cost and maintenance cost. The capital cost of the public transport technologies consists of infrastructure and vehicle costs which are broke down into amortised cost of their economic lives by assuming an annual interest rate of 3.5%, and the annual maintenance costs are made up of time-related, distance-related, route maintenance and vehicle-related costs for each forms of public transport. The total user cost is highly related to the speed of the public transport services. It includes the time passengers spend on walking to the station, waiting for the bus and travelling on the bus and converts into costs by using the passengers' value of time. The total external cost accounts for any external impacts of using the public transport technology such as air pollution, noise pollution, climate change and accidents. Details of the default value used in the spreadsheet model can be found in Brand & Preston (2002b) and Li & Preston (2014) .
There are a number of assumptions made in the TEST model. The TEST model is based on the core operating day time services (07:00 to 18:00). Three time periods have been identified in this model: morning peak, evening peak and off peak period.
The lengths of these time sectors are assumed to be 2 hours for each peak time and 7
hours for the off peak and 11 hours of steady operating period in total. The daily passenger demands are split into these time period which is 22.5% for each peak period and 55% for the off peak.
Revised Speed-Flow Equation
The spreadsheet model calculations are based on the input of estimated demand and parameters of the public transport technologies and are either set by the user or use the default values. With initial input data, the model can then obtain the intermediate outputs such as required service frequency and average operational speed which are the two key factors to calculate the costs. The required service frequency function is defined as:
where F is the service frequency (veh/h), α is the factor to allow for seasonal fluctuations for which the default value is 1.1 and can be modified by the user, PAX is the demand for the time period in passengers number per hour, VehCap is the vehicle capacity including seating and standing spaces and MaxLF is the maximum relative load factor at which level a new vehicle is required which is set to 50% as default. The required service frequency is associated with the average operational speed V (km h -1 ) which is calculated with the speed-flow equation of:
In this equation, V ୭େୟ୮ is the vehicle operational speed (km h -1 ) calculated by using the default value (or user defined) of acceleration, maximum speed, station where H is the safety headways in seconds to calculate the minimum possible service interval without any passenger boarding, T ୣ୦ is the vehicle stopping time in seconds which includes opening/closing doors and changing shifts for drivers, L ୣ୦ is the length of the vehicle in meters, V ୟ୶ is the maximum possible running speed (m s -1 ) and A is the acceleration and deceleration of the vehicle (m s -2 ).
The speed-flow equation in the spreadsheet model is a linear function (Equation 3). This is because the spreadsheet model assumed the public transport service is on a segregated 12km route and the level of public transport traffic is fixed. However, the advantages of having a segregated road for the forms of public transport such as guided bus and rail-based public transport modes cannot be clearly shown in the cost model. If the service frequency requirement of the public transport service increases which means the passenger demand on the route is increased, the probability increases that not only the public transport vehicles themselves but also other traffic will delay the operating speed of the public transport services, either by causing congestion at the junctions or by blocking access in to or out of the stops.
The speed of the traffic flow can be estimated based on the number of the vehicles entering the route and the capacity of the roadway. As the travel time is highly related to the travel speed, a simple power law function can be used to demonstrate the relationship of traffic volume and travel time, and the power law function is:
Equation 6 where T , T ଵ , and k are parameters, V is the traffic volume, ܵ is the travel speed and V is the capacity. This power law function is postulated for single links in a network by the U.S Bureau of Public Roads with k = 4 and T /T ଵ , = 0.15 and widely used in many economic models (Small, 1992) . Small (1992) also derived another function to express the travel time over a peak period, which is a piecewise linear function:
Parameters are estimated for both the power law function and the piecewise linear function and average maximum delay against daily vehicles are plotted, and the piecewise linear function fits slightly better (Small, 1992, page 71-72) . Table   1Table 1. The facility capacity is defined as the maximum possible service frequency of According to Table 1Table 1, facility capacity varies for different transit modes and different operating environments, and the advantages of having a segregated transit lane are shown. For example, the operating speed of the bus service in a mixed traffic environment may begin to decrease earlier than the service mode with dedicated transit lanes if we consider a piecewise speed-flow equation. This facility capacity in different operating environments can be applied in the spreadsheet cost model to represent the advantages in the operating speed and the passengers' waiting time costs of the public transport services with higher infrastructure costs.
To take the piecewise speed-flow equation and the facility capacity in different operating environments into account for the spreadsheet model, the speed equation will be:
where f represents the capacity percentage as listed in Table 1Table 1 and C is the critical facility capacity (veh/h) calculated by f times the safety headway capacity C.
Since the spreadsheet model calculations use the operating speed of the public transport service instead of the average travel time as intermediate variable, we have:
This function is derived from the piecewise linear function for travel time and loading at the stops close to the central business district could be much larger than other stops in peak time periods. There will be a probability that passengers at these stops find the incoming public transport vehicles full or with not enough space to take all waiting passengers, even though the overall capacity of the public transport service may still be higher than the total demand of the route. This situation may occur more often when the demand level is high because the vehicle capacity is fixed except for some rail-based technologies that are able to operate multiple car-units, and passengers who use lower vehicle capacity public transport services may have a higher possibility to wait longer than the expected service frequency for the busiest public transport stops.
The public transport service can be regarded as serving seats to passengers (customers) and each arrival vehicle means a bunch of customers are served. Therefore, passenger waiting time can be calculated by using queuing theory for the time spent by the queuing customers. In order to use the queuing theory for passenger waiting time calculation, we have to define the utilization rate of the system as:
where ߩ stands for the utilization rate of the system, ߣ is the passenger arrival rate and ߤ is the service frequency F. In the queueing theory calculation, the utilization rate is less than 1. This is because when the incoming passenger number is higher than the facility capacity, the equilibrium queue length becomes unbounded and the waiting time of the late arrived passengers could be infinitely high. As this equation uses the same unit for the arrival passengers and the incoming public transport vehicles, we can assume the boarding passengers as a group by dividing a percentage of the vehicle capacity:
where ܳ is the average demand per hour, ‫ܥ‬ is the vehicle capacity and a is the boarding/alighting rate to calculate the available spaces left for each incoming vehicle.
To apply the queuing theory, specifications of the system have to be made for: the arrival process, the service mechanism and the queue discipline. The arrival process and service mechanism should be defined as either deterministic flow or some other random distribution for the way in which passengers and the public transport services arrive at the stop, respectively. The queue discipline defines the method to handle the incoming customers, which can be "first come first served" or "last come first served". Glaister (1981) demonstrates the method of calculating passenger queues of travel by any mode.
By assuming a "first come first served" rule of service and a Poisson process for both the passenger arrival process and the bus service mechanism, Glaister (1981) gives the probability of having to wait longer than W* as:
By substituting the service interval and Equation 12 into Equation 13 we have the probability of having to wait longer than one service headway as:
The parameter W * has been substituted by 1/F which is the service interval, and the probability of having to wait for at least the third incoming vehicle can be calculated by simply replacing the W * as 2/F. To illustrate the result, the probability that the single-decker bus passengers in the peak period have to wait longer than the expected service headways at demand level of 60,000 per day is shown in Figure 3Figure 3. Probability Vehicle Number to Wait be assumed evenly distributed, this equation considers the passenger arrival process using a Poisson distribution. It is suggested that 37% of the total passengers have to wait for more than one service interval of the bus service with a spare capacity of 30% of vehicle capacity. This spare capacity is calculated by using the load factor of the single-decker bus at this demand level in the spreadsheet model, which is calculated as the passenger demand divided by the service frequency times the vehicle capacity. This load factor was assumed to have an initial value of 0.5 in the spreadsheet model, and an extra public transport vehicle will be provided when the passenger demand equals to half of the supply spaces. The load factor will increase when the passenger demand level rises, which is because the supply has been limited by the capacity and the passenger demand may exceed the supply. To apply this probability into the spreadsheet cost model calculation of passenger waiting time, the average waiting time for each passenger at each stop will be:
where ܹܶ is the average waiting time in seconds for each passenger at each stop, ݅ is the extra vehicle numbers to be waited and ܲ is the probability of having to wait more than ݅ numbers of the public transport vehicle.
If we consider the previous single-decker bus example, the passenger waiting time calculated by using the equation in the spreadsheet model is: The calculation only took the first 6 terms because the probability of having to wait for at least the 7 th incoming bus is smaller than 1% which would have a trivial effect on the total waiting time (e.g. the extra time to wait for the 7 th incoming bus is 1.97s per passenger). This means for the passenger demand level of 60,000 per day on the 12km corridor, each passenger may have to spend approximately half a minute more because of the queue length. This extra wait time will increase with the level of demand because the remaining capacity of the system is getting lower.
The application of queuing theory on the calculation of passenger waiting time takes the situation that the incoming vehicle has not enough space for all passengers into account. Another method to calculate this extra user cost for high levels of passenger demand has been demonstrated in Tirachini et al. (2010) which considered the passengers' willingness to pay by using the crowding penalty factor to account for the extra passengers' in-vehicle time costs. Both methods considered the effect that the demand level is higher than the supply, however, passengers may not only be unable to find a seat but also unable to get on the first incoming bus due to the large queue, and this situation is very likely to happen in a high population cities in peak period.
Demand Supply Relationship
To investigate the results after applying the revised speed-flow and waiting time equations, the final cost results of the single-decker bus in mixed traffic with both endogenous demand and exogenous demand are compared in this section. In the spreadsheet model, daily passenger demand level is changed in the calculation procedure for every 1,000 passengers, which means the demand is assumed to be exogenous -externally fixed by the spreadsheet model. This is because the supply requirement calculation model has to assume the level of passenger demand as externally fixed in the first place to obtain the total costs. However, it cannot reflect the situation that passengers' willingness to use the service varies according to the quality of service. As a result of that, a further analysis of demand and supply relationship must be conducted to obtain the actual average costs. The endogenous passenger demand in reality is closely related to the performances such as the service frequency, passenger waiting time and in-vehicle time for the whole journey.
In order to investigate the internal impact of the users' waiting time and invehicle time on the current demand level, the demand elasticity concept is introduced.
The elasticity of demand can be defined as:
Equation 16 where ܳ is the demand, ∆ܳ is the change in the demand, and ‫ݔ∆‬ is the change in the variable ‫ݔ‬ which we are interested in (e.g. service headway). In this definition, the variable ‫ݔ‬ can be any factor that would affect the demand level.
Time is one of the most important factors that impacts on the service quality of public transport, especially journey time and waiting time. Based on the elasticity definition, the endogenous passenger demand level can be calculated as:
where ܳ ଵ is the endogenous passenger demand per day, ܳ is the input exogenous demand level from 1,000 to 200,000 per day, ܶ ଵ ௪௧ is the passenger waiting time in seconds at exogenous demand level of the public transport mode, ܶ ௪௧ is the average passenger waiting time in seconds at a fixed demand level for all modes (= 10,000 passenger trips per day), ‫ܶܬ‬ ଵ is the journey time in seconds at exogenous demand level of the public transport mode, ‫ܶܬ‬ is the average journey time in seconds at a fixed demand level for all modes (= 10,000 passenger trips per day), ‫ܧ‬ ଵ is the elasticity of demand with respect to waiting time, ‫ܧ‬ ଶ is the elasticity of demand with respect to journey time.
The demand elasticity of passenger waiting time was estimated by Preston and
James (2000) based on an analysis with bus data in 23 urban areas in the Great Britain.
These waiting time elasticities for UK cities analysis are reported by Balcombe et al. passengers per day), additional passengers are willing to use the service (by more than 50% of the exogenous demand, peaking at 150%); when the demand is higher than 77,000 per day (100% of exogenous demand), the deterioration in service will bring the demand level down.
In Figure 4 (b), there are two inflection points at the demand level of 72,000 and 103,000. The safety headway capacity for peak period and off-peak period are reached at the demand level of 72,000 and 103,000, respectively. This is because the public transport services reach the safety headway capacity and the service frequency cannot be increased, and therefore the average costs for the vehicle are reduced. After applying the endogenous demand, the social cost curve stops at the daily demand level of 76,700, shown as the dotted line overlapped with the exogenous demand curve. This result means passengers are willing to use the public transport service until the maximum level (100% of exogenous demand as shown in Figure 4 (a)) has been reached, and then any increase in demand will lead to a service which will bring the level of demand back to the maximum level based on the calculation of the elasticity analysis. As a result of that, with the limited quality of service for the single-deck bus in mixed traffic, the actual level of demand cannot accumulate up to 200,000 passengers per day.
For some public transport technologies, the total operator costs will be much lower than the exclusive facility technologies with higher infrastructure costs while the total user costs are very high due to the congestion time costs. By considering the impacts of journey time and waiting time cost to passengers, the advantages of these high infrastructure costs can be demonstrated in the spreadsheet cost model.
With the application of endogenous demand, the effects of the revised speedflow and waiting time equations on the total social costs can be assessed. grade-separated). According to the piecewise linear function, operating speed will start to decrease when the demand level reaches the facility capacity which is defined by the operating environment factor and the safety headways. For the public transport forms with dedicated facilities, this factor would be higher and thus their operating speeds are higher at the same level of demand compared to the ones in mixed traffic environment.
Passengers have to spend extra time in waiting because the capacity of public transport vehicles is fixed and the probability of being full for the incoming vehicle is getting higher at high demand levels. This has been calculated by using the queuing theory for the probability of having to wait longer than the expected service headways. As an illustration of the queuing theory application, the waiting time calculated by the spreadsheet model was 56.36s per passenger in peak periods for single-decker bus passengers at the demand level of 60,000 per day, and becomes 92.36s if we consider the probability of having to wait longer than the expected service intervals. An investigation of the effects of endogenous passenger demand has been presented to evaluate the revised equations. Exogenous demand is replaced by endogenous demand in order to highlight the advantages of different operating environments. The infrastructure costs are relatively fixed for a public transport technology, the vehicle number required is associated with vehicle capacity and therefore the waiting time and the in-vehicle time would change for different demand levels. According to the comparison result graph, the revised equations demonstrated a lower average user cost for the forms of public transport with exclusive transit facilities.
As a strategy level model, the spreadsheet model can be used by decision makers to assess the financial and social costs of existing public transport services on the corridor as well as conceptually new technologies such as straddle bus. The financial and social costs of different public transport technologies on a selected corridor are compared to find out the lowest costs public transport forms for operators, users or both. Due to the size, location and other situations of different public transport corridors in different cities, the demand level would vary. The spreadsheet model can help to assess the choice of choosing the most suitable public transport technology in different cities. Further work for this model would be focused on improving it by microsimulating the operations of these public transport modes in a selected urban area using the transportation analysis software VISSIM. Microscopic simulation would be adopted in order to observe the characteristics of the individual vehicles for different public transport technologies in an urban network in order to consider the performance in mixed traffic flow. This would have advantages over macro-level traffic models, such as VISUM, as it would permit detailed modelling of key capacity pinch points, namely stops and junctions. The urban area for simulation has been identified to be the main corridor in Nanning, China, where the passenger demand level is about 90,000 ~ 100,000 per day. The current government decision is to build an underground heavy rail system to meet this high passenger demand. However, preliminary analysis in the spreadsheet model suggests that other public transport technologies, such as the straddle bus, could also be a competitive choice in that demand range, as shown in Figure   6Figure 6. also based on exogenous demand, and the effect of applying endogenous demand may also change the result. Therefore, a further complete demand and supply analysis is going to be performed for all different public transport technologies in the spreadsheet model and a complete traffic network would be built in the future work to analyse the costs for all road users and compared between different public transport technologies.
